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ABSTRACT The absorption spectra of two photoactive yellow protein model chromophores have been measured in vacuum
using an electrostatic ion storage ring. The absorption spectrum of the isolated chromophore is an important reference for
deducing the influence of the protein environment on the electronic energy levels of the chromophore and separating the
intrinsic properties of the chromophore from properties induced by the protein environment. In vacuum the deprotonated trans-
thiophenyl-p-coumarate model chromophore has an absorption maximum at 460 nm, whereas the photoactive yellow protein
absorbs maximally at 446 nm. The protein environment thus only slightly blue-shifts the absorption. In contrast, the absorption
of the model chromophore in aqueous solution is significantly blue-shifted (lmax ¼ 395 nm). A deprotonated trans-p-coumaric
acid has also been studied to elucidate the effect of thioester formation and phenol deprotonation. The sum of these two
changes on the chromophore induces a red shift both in vacuum and in aqueous solution.

INTRODUCTION

The photoactive yellow protein (PYP) functions as a blue

light sensor in certain bacteria. Absorption of blue light by

the protein results in a signal being generated and transmitted

to the bacterium. In this way the bacterium can move away

from the possibly damaging blue light (1). Being a photo-

sensor, PYP belongs to the group of photoactive proteins

including the rhodopsins, the phytochromes, and the crypto-

chromes (2). The common theme is that light absorption in

the chromophore triggers a photocycle in the protein. First,

conformational changes involving only the chromophore

atoms are taking place, for example, a trans/cis isomeriza-

tion. The changes in the chromophore structure are then

followed by larger conformational changes of the overall

protein structure, which ultimately lead to the biological

response (2).

PYP is a rather small water-soluble protein with 125

amino acids, and it has a bright yellow color due to its

absorption of blue light, with a maximum absorption at

446 nm (3). The protein was first discovered in the purple

halophilic bacterium Halorhodospira halophila, also known

as Ectothiorhodospira halophila. The bacterium is photo-

trophic, meaning that it needs the energy from light to

perform essential processes, and therefore it moves toward

areas with light. However, it also shows a negative response

toward blue light, probably to avoid photodamage. Since the

action spectrum for this negative phototaxis almost exactly

matches the absorption spectrum of PYP, it seems likely that

PYP serves as the photosensor for this response (1).

The chromophore responsible for light absorption in

PYP is a p-coumaric acid (see Fig. 1 A). In the ground state

the chromophore is in the trans form, the phenol group is

deprotonated (4,5), and it is covalently linked to the protein

via a thioester linkage to cysteine residue 69. It is the highly

conjugated nature of the chromophore that provides absorp-

tion in the visible region. Upon absorption of a blue photon,

PYP enters a photocycle that has been studied in great detail

(6–13). During the 1-s photocycle the chromophore isomer-

izes to the cis form, the phenolate is protonated from a nearby

glutamic acid (Glu-46), and large conformational changes of

the protein take place. These changes result in generation of

a signal to the bacterium before the protein returns to the

ground state.

The ground-state secondary structure of PYP is an a/b-
fold with a central b-sheet surrounded by several a-helices
(14). There are two hydrophobic pockets in the structure, and

the chromophore is situated in the main pocket. A hydrogen-

bonding network with the nearby amino acids Glu-46, Tyr-

42, and Thr-50 stabilizes the negative charge on the chro-

mophore, which is further stabilized by delocalization of the

negative charge over the conjugated area. Possibly the positive

charge on the nearby Arg-52 residue also has an effect in

stabilizing the negative charge aswell as shielding the chromo-

phore from the solvent in the ground state.

Since light is absorbed by the chromophore and the first

reactions in the photocycle take place here, the intrinsic

properties of the chromophore are of immediate interest.

These are determined by the charge state, the electron

delocalization, and the substituents attached to the conju-

gated system. But it is also well known that the environment

surrounding the chromophore is important for tuning the

absorption maximum and guiding the chemical processes

that occur during the photocycle. For the chromophore in the
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PYP protein this environment consists of the amino acids

that reside close to or in the hydrophobic pocket where the

chromophore is buried.

For years it has been a goal to try to separate the intrinsic

properties of the chromophore from the role played by the

protein environment. For this purpose, models of the chro-

mophore have previously been studied in aqueous solutions

using time-resolved spectroscopy methods to elucidate the

dynamics after photon absorption (15–18), as well as in the

gas phase as a neutral species to study the nature of

the electronic states (19). Regarding the perturbations of the

electronic states by the environment, proteins with mutations

near the chromophore have been studied (20–25). Finally the

chromophore has also been studied theoretically, both as an

isolated species and in a model protein environment (26–29).

Our approach is to investigate the effect of the protein

environment on the electronic states and separate this from

the intrinsic properties of the chromophore by studying mod-

els of the chromophore in vacuum. In this way we achieve an

important reference point for comparison to the absorption in

other media and to calculations. Furthermore, data obtained

in the gas phase are needed, as extrapolations based on

solution phase data concerning the absorption maximum are

nontrivial (30).

EXPERIMENTAL

Chromophore models

As chromophore models we use the deprotonated trans-
thiophenyl-p-coumarate (pCT�) and the deprotonated trans-
p-coumaric acid (pCA�) seen in Fig. 1, B and C,
respectively. The pCT� chromophore is probably a good

model for the protein chromophore (Fig. 1 A) since the

negative charge delocalization does not extend beyond

the sulfur atom, as confirmed by calculations (28). In pCA

the carboxylic acid hydrogen is more acidic than the phenol

hydrogen, so the chromophore is probably deprotonated

yielding the carboxylate rather than the phenolate. Hence, by

also studying pCA�, we may determine the effects on the

absorption maximum of attaching the thioester group and

deprotonating the phenol. To separate these two effects the

absorption spectrum of the doubly deprotonated trans-p-
coumaric acid should be measured. It was, however, not

possible to produce a substantial ion beam of the doubly

deprotonated species.

Solution spectra

Absorption spectra of model chromophores in aqueous

solution are recorded by a UV/Vis spectrophotometer

(ThermoSpectronic. Helios a). For pCA, a spectrum is

also recorded in H2O with NaOH added (pH .11) to pro-

duce the doubly deprotonated chromophore. Likewise a spec-

trum is recorded for pCT�. To avoid hydrolysis of the thioester
group the pCT chromophore is dissolved in a borate(III)-

buffer at pH 10.2 (16) instead of adding NaOH to the aqueous

solution.

Gas phase spectra

To measure the absorption spectra of the model chromo-

phores, gas-phase anions are stored in an electrostatic ion-

storage ring (ELISA (31,32)), shown in Fig. 2. We irradiate

the ions with a laser pulse of tunable wavelength, and the

ions that absorb a photon increase their internal energy

accordingly. Due to the increased energy the ions eventually

break apart creating fragments, of which some are neutral.

(For a discussion of the temperature of small systems and the

decay of hot ions see Andersen et al. (33,34). By recording

the yield of neutral fragments as a function of the wavelength

we get the relative absorption cross section.

The gas-phase ions are produced in an electrospray ion

source (35). The model chromophore is dissolved in a

methanol solution, where, in the case of pCT, ammonia is

added to produce deprotonated ions. The solution is pumped

through a fused silica capillary to a stainless-steel needle

with a bias voltage of;3 kV. From the needle the solution is

electrosprayed toward the entrance of the ion source.

In the ion source the ions are first swept through a heated

capillary where the solvent is evaporated, and the ions go

into the gas phase. The ions are then steered through the ion

source to a cylindrical ion trap where they accumulate. In the

trap, helium is used as a buffer gas to cool the ions. After 100

ms accumulation time the ions are extracted as a bunch

containing ;104 ions. The ion bunch is then accelerated to

22 kV and mass-to-charge selected by a bending magnet.

The masses are 163 amu for pCA� and 255 amu for pCT�.
Finally, after mass selection the ion bunch is injected into

the storage ring, where it circulates with a revolution time of

50–60 ms.

FIGURE 1 Structures of (A) the chromophore in PYP linked to Cys-69

together with the two model chromophores, (B) deprotonated trans-

thiophenyl-p-coumarate (pCT�), and (C) deprotonated trans-p-coumaric

acid (pCA�).
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At the end of one of the straight sections of ELISA

a microchannel plate detector is situated (see Fig. 2). If ions

in this section fragment by means of a collision or by photon

absorption (see below), neutral fragments are formed and

continue on straight trajectories to the detector. Hence, only

neutral fragments produced in the injection section of the

ring are detected. The counts from the detector are accu-

mulated in a data-acquisition program in channels corre-

sponding to the time after injection, so the time evolution of

neutral production can be followed (see Fig. 3).

Before the interaction with the laser beam the ions are

stored to allow decay of metastable ions formed in collisions

during extraction from the trap. After 10–20 ms of storage

there is only a background left of neutral counts from

collisions with residual gas in the ring (p ; 10�11 mbar). A

tunable nanosecond laser pulse is fired along the straight

section opposite the injection side after;60 ms of storage at

a repetition rate of 10 Hz (see Fig. 2). The exact time of laser

firing is adjusted to ensure maximum overlap with the ion

bunch. Photon absorption will then either promptly or after

some delay result in a breakup of the ions, thus creating

neutral fragments that are detected if the dissociation takes

place in the injection section.

To cover the desired wavelength range a pulsed Alexan-

drite laser (PAL101, Light Age, Somerset, NJ) in combina-

tion with a Raman cell is used. The Alexandrite laser is

tunable in the range 720–800 nm. After the cavity the

wavelength is frequency-doubled in a nonlinear crystal. The

second harmonic is either used as it is or sent into a Raman

cell with H2 (360 psi) or D2 (250 psi) from where the first and

second Stokes lines are used. This provides wavelengths

,399 nm (second harmonic), 413–443 nm (first Stokes in

D2), 428–470 nm (first Stokes in H2), and 475–505 nm

(second Stokes in D2). After interaction with the ion bunch

the laser pulse leaves the ring through a window, and the

pulse energy is measured with a power meter. Typically the

laser-pulse energy is kept around 0.2 mJ at 10 Hz. The laser-

pulse energy is averaged over the data-acquisition time,

which is 300 s, corresponding to 3000 injections.

Data analysis

Data sets with the number of counts from the microchannel

plate detector as a function of time for the two chromophore

models are shown in Fig. 3. The decay of hot ions im-

mediately after injection, as well as the laser-induced signal,

are clearly seen. It should be noted that the data shown here

are taken with higher laser power than what is used to

measure the absorption spectra.

There is an obvious difference between the signals for

the two chromophores. For pCA� (Fig. 3 A) there is a large
increase in the number of neutral fragments after laser

interaction. This continues over several revolutions in the

storage ring. For pCT�, on the other hand, we observe one

peak with increased neutral production followed by a large

depletion of the neutral signal (Fig. 3 B). The depletion

shows that pCT� has an unusally high-absorption cross

section, and the single absorption peak shows that it decays

with a time constant ,;30 ms. Because of the fast decay

only a small fraction of the photoexcited ions reach the

FIGURE 2 Electrostatic ion storage ring ELI-

SA. The lower part of the ring is the injection and

detection side, and the upper part is the laser

interaction side. To the left is the electrospray ion

source and the magnet for mass selection. The

laser and the Raman cell are seen to the right.

FIGURE 3 Number of neutral counts as

a function of time is shown for the two model

chromophores pCA� (A) and pCT� (B). The
shaded areas show the time windows that give

the integrated signal and background counts

used in the calculation of the absorption cross

section. Note that in 10 ms, there are 150–200

revolutions of the ion bunch.
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opposite straight section before dissociation, and hence

possibility of detection. A possible explanation for the fast

decay could be that most of the ions decay via detachment of

an electron. Direct photodetachment is ruled out since the

cross section vanishes at high photon energies. The excited

state that is reached by photoexcitation may, however, cause

the resonance structure due to its coupling to the continuum.

Due to the different nature of the decay of the two

photoexcited chromophores, two different yields are de-

fined. For pCA� the counts are integrated from the time of

laser interaction to the time where the neutral count rate is

reduced to the background level, giving Nsignal(l) (second
shaded window in Fig. 3 A). The average number of

background counts (N0) is determined by integrating the

counts in a time window before the laser interaction, but

after an almost stable background rate is reached (first

shaded window in Fig. 3 A). Besides subtracting the

background from the signal, the average background is

also used as a measure of the number of ions in the storage

ring. It can thus be used to normalize the signal, and the

resulting fraction is termed the yield, YpCA�ðlÞ, where l is

the wavelength of the laser light:

YpCA
�ðlÞ ¼ NsignalðlÞ � N0

N0

: (1)

For the pCT� chromophore the depletion of the ion beam is

used to obtain the yield. The integrated number of counts in

a time window before and after the laser interaction (see Fig.

3 B) is used as a measure of the number of ions in the ring

before (N0), and after (N(l)) laser interaction, respectively.
The small peak, right after laser interaction, containing the

neutral products from the ions surviving the first half round

is not taken into consideration. The difference between the

number of ions before and after laser interaction divided by

N0 gives the fraction of the ions in a bunch that have

fragmented, and the yield is defined accordingly:

YpCT
�ðlÞ ¼ N0 � NðlÞ

N0

: (2)

For both chromophores the yield was found to depend

approximately linearly on the photon flux for low laser-pulse

energies, whereas it saturates at higher energies. In Fig. 4 A
the yield of pCA� is shown at 430 nm, and the yield of pCT�

is shown in Fig. 4 B at 449 nm. These wavelengths are close

to the respective absorption maxima where saturation is most

likely. The yield is plotted as a function of the laser-pulse

energy. The solid curve shows a fit to the data of the form

YðlÞ ¼ að1� e�bEpulseÞ, where Epulse is the averaged laser-

pulse energy, and a and b are fitting parameters. The dashed

curve is the corresponding linear approximation using the

fitted values of a and b. The typical pulse energy during the

measurement of the absorption profile is 0.2 mJ, which is

within the linear range. Thus we further normalize the yield

to the photon flux, which is proportional to Epulse 3 l. The

resulting formula for the relative absorption cross section is

the following:

sabsðlÞ} YðlÞ
Epulse 3 l

: (3)

Here we assume that the quantum yield for photofragmenta-

tion is wavelength-independent, that the pulse energy is

sufficiently low to avoid saturation, and that the overlap area

between the ion bunch and the laser pulse remains constant

during the measurement of the absorption profile.

RESULTS AND DISCUSSION

The absorption spectra of the two model chromophores in

vacuum are shown in Fig. 5, A and C. The absorption

maximum of the isolated pCA� is around 430 nm with a full

width at half-maximum of 25 nm. For pCT� the absorption

maximum is at 460 nm with a full width at half-maximum of

51 nm. The difference between the two chromophores con-

sists of the thioester group being attached, and the negative

charge being located primarily on the phenolate oxygen

instead of the carboxylic oxygen. pCA� is probably a better

model for a neutral protein chromophore than for an anionic

chromophore, since the phenol is not deprotonated, and the

charge is not delocalized beyond the carboxylate group. There-

fore a comparison between the two model chromophores in

vacuum will give the sum of the effects from deprotonation

of the phenol and formation of the thioester bond. In the gas

phase this sum amounts to a significant red shift of 30 nm

corresponding to 0.19 eV (Fig. 5, A and C).
In Fig. 5, B andD, the absorption spectra in water are seen.

(See also Changenet-Barret et al. (15,16)). First we invest-

igate the effect of deprotonation by comparing the dashed

(neutral pH) and solid (alkaline pH) curves for each model

chromophore. For pCA the maximum absorption in the

FIGURE 4 Yield of fragmentation as defined in the text is shown as

a function of the average laser-pulse energy for the two model chromophores

pCA� (A) and pCT� (B). The solid line is a fit to the data, and the dashed line

is the corresponding linear approximation.

2600 Nielsen et al.

Biophysical Journal 89(4) 2597–2604



neutral aqueous solution is at 285 nm, with a shoulder at

312 nm. In the alkaline solution the absorption maximum

is shifted to 336 nm, with a shoulder at ;300 nm. For pCT

a similar red shift is observed from 337 nm at neutral pH to

395 nm at alkaline pH. The effect of thioester formation

is then investigated by comparing the pCA2– and the pCT�

chromophore. This effect amounts to a red shift from 336 nm

to 395 nm.

Both deprotonation of the phenol and thioester forma-

tion thus have the effect of red-shifting the absorption of the

chromophore in solution, with ;0.60 eV (4800 cm�1) and

;0.55 eV (4400 cm�1), respectively. This is in good

agreement with previous studies (36) where the deprotona-

tion was found to induce a shift of 4310 cm�1 (0.53 eV)

when comparing the absorption of the denatured protein

in neutral and alkaline pH. Similarly the shift induced by

thioester formation was quantified by comparing the free

coumaric acid and the denatured protein, both at neutral pH,

giving a shift of 5712 cm�1 (0.71 eV).

The shift in the absorption maximum discussed above

originates from changes directly on the chromophore. Apart

from the effect of the intrinsic changes, the effect of the

protein environment, i.e., the amino acids in the immediate

vicinity of the chromophore, is interesting to investigate.

The environmental effects have been studied by a couple of

groups using site-specific mutagenesis (20–25). Several

variants of PYP were made with mutations directed at the

members of the hydrogen-bonding network that is thought

to stabilize the negative charge on the chromophore: Tyr-42,

Glu-46, and Thr-50. Also, mutations of the Arg-52 residue

have been studied, since the positive group on the arginine

residue was believed to stabilize the negative charge that is

delocalized over the conjugated area. Mutants with neutral

groups on this position did not shift the absorption maximum

significantly though (447 nm for R52Q and 452 nm for

R52A) (20,21). Therefore it was suggested that Arg-52 only

plays a negligible role in the tuning of the absorption.

On the other hand, it was shown that the three members

of the hydrogen-bonding network are definitely important

for the fine-tuning of the absorption in PYP. Usually the

hydrogen-bonding residues were exchanged by amino acids

with lower or no possibility for hydrogen bonding. Upon

interruption of the hydrogen-bonding network the absorp-

tion was shown to be red-shifted compared to wild-type PYP,

except for one variant, E46D, which was 2 nm blue-shifted

(22). The red shift was usually 10–15 nm (0.06–0.08 eV); the

mutant with the largest shift was Y42F/E46Q, with an ab-

sorption maximum at 476 nm (25), corresponding to a shift of

0.18 eV from the wild-type protein.

The effect of hydrogen bonding in the chromophore

environment has also been investigated using calculations

by He et al. (26). They calculated the excitation energy of

a phenolate anion in a protein environment modeled by a

background charge distribution. This was compared to the

excitation energy of the phenolate anion hydrogen-bonded to

two water molecules at the Glu-46 and Tyr-42 positions in

the same background charge environment. They found that

the hydrogen bonds stabilize the ground state more than the

excited state, leading to a blue shift of the excitation energy

of 0.1269 eV. This result is in good agreement with the

mutant studies described above.

The blue-shifting effect of the hydrogen-bonding network

is, however, much smaller than the effect of solvation seen

when the chromophores are dissolved in water. In aqueous

solution, pCT� has an absorption maximum at 395 nm, which

is a blue shift of 0.46 eV relative to the gas-phase maximum

at 460 nm (Fig. 6, A and C). This means that a complete

solvation shell around the chromophore must have a large

effect on the electronic states. A similar blue shift is seen for

the denatured protein at pH 11, where the chromophore is

deprotonated. Here the absorption maximum is at 398 nm (5).

The denatured protein is only slightly less blue-shifted than

the pCT� model chromophore in solution. This probably

means that the environment of the chromophore in the de-

natured protein is close to a regular aqueous solution, although

the different nature of the two thioesters may also cause

changes.

In the long-lived photocycle intermediate called pB or I2
(6) the chromophore phenolate has been protonated and large

conformational changes of the protein structure have taken place.

Among these, the arginine 52 that protects the chromophore

in the ground state (14) has moved substantially, thus expos-

ing the chromophore to the solvent (10). Both protonation

and solvent exposure are expected to induce blue shifts in the

absorption spectrum, and indeed the absorption maximum

of the pB state is blue-shifted to 355 nm (7) relative to the

ground state of PYP at 446 nm. Although qualitatively in

FIGURE 5 Absorption curves of the two model chromophores. (A) pCA�

in vacuum. (B) pCA in aqueous solution. The dashed line is for a neutral

solution, and the solid line is for a solution with NaOH added, pH .11. (C)
pCT� in vacuum. (D) pCT in aqueous solution. The dashed line is for

a neutral solution, and the solid line is for a borate (III) buffer, pH 10.2.
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good agreement with the expectations, protonation and

solvent exposure are of course not the only explanations for

the blue shift since large changes in the protein structure

have taken place that may further shift the absorption in

either direction.

Of our two model chromophores, pCT� is the best model

for the PYP protein chromophore, so we will only be con-

cerned with this model in the following discussion. There

is only a rather small shift between the protein absorption

and the absorption of the gas-phase pCT� chromophore, as

seen in Fig. 6, A and B. The protein environment blue-shifts

the absorption from 460 nm to 446 nm, corresponding to

0.08 eV, but the blue shift is significantly smaller than the

0.46 eV shift observed in solution. For the PYP mutants

where the hydrogen-bonding network is (partly) interrupted,

the shift between the gas phase and the protein is even

smaller. Thus the protein environment does not perturb the

electronic states to the same degree as a complete solvation

shell, or at least the ground and excited states are shifted by

almost the same amount. It seems that in terms of electronic

excitation the hydrophobic pocket where the chromophore is

situated is better described by a vacuum than by an aqueous

solution. The hydrogen bonds in the protein pocket (perhaps

together with coulomb interactions) are hence important for

fine-tuning the absorption maximum within;20 nm, but the

absorption of PYP is largely determined by the intrinsic

properties of the chromophore.

These conclusions are consistent with previous findings

on model chromophores of the green fluoerescent protein

(37,38), a green fluorescent protein mutant (39), and the red

fluorescent protein DsRed (40,41) in vacuum. The maximum

absorption of the chromophore in vacuum is very close to the

maximum absorption in the corresponding protein, whereas

the absorption of the chromophore in solution is strongly

blue-shifted. An explanation for this can be found in the

secondary structure of the proteins (42–44). These proteins

have a b-barrel structure with 11 b-strands surrounding the

chromophore, and hence the proteins provide a very efficient

shielding of the chromophore. Since a solvation shell cannot

be created around the chromophore in the protein, the ab-

sorption is not blue-shifted as it is in solution. In the case of

PYP the chromophore is also well protected from the solvent

in the hydrophobic pocket.

Yoda et al. (30) have studied the deprotonated trans-
thiopropyl-p-coumarate in 15 aprotic solvents of different

dielectric constant and index of refraction. It was found that

in high dielectric solvents like dimethylsulfoxide or di-

methylformamide the absorption maximum (;456 nm) is

very close to the gas-phase result for pCT�, whereas for

solvents of low polarity like pentane the absorption is shifted

to ;368 nm. This is a surprising result since one would

expect the gas phase to be the extreme case of low dielectric

constant and index of refraction. Yoda et al. also conclude on

the basis of the continuum model and regression analysis that

the absorption maximum in the gas phase of their

deprotonated propyl thioester is at 336 nm, far from the

value we have measured. We have no explanation why the

absorption in the gas phase can be similar to the absorption in

high dielectric solvents, whereas in low dielectric solvents it

is shifted, but the result illustrates that medium effects are by

no means trivial.

The experimental absorption spectrum of the pCT�

chromophore can be compared with calculations. Molina

and Merchán (27) have used ab initio calculations to study

the deprotonated thiomethyl-p-coumarate in vacuum. They

found that the first excited state of the trans-form is a pp*-
state lying 2.58 eV above the ground state, corresponding to

lmax ¼ 481 nm. The only difference between this model and

our pCT� chromophore is the methyl group attached to the

sulfur instead of the phenyl, which probably has only very

small effects for the absorption maximum since the con-

jugated system does not extend beyond the sulfur. The result

is in good agreement with our finding at 2.70 eV (lmax¼ 460

nm).

Sergi et al. (28) used Car-Parrinello ab initio calculations

based on density functional theory to study the anionic trans-
thiophenyl-p-coumarate in vacuum. Their result for the

energy of the first excited state is at 3.01 eV (lmax ¼ 412.4

nm), which is higher in energy than the measured 2.70 eV.

They also performed a calculation where they took into

account the effect of the protein environment on the chro-

mophore. This was done by adding the hydrogen-bonding

partners Glu-46, Tyr-42, and Thr-50, the counterion Arg-52,

and the Cys-69 residues to the calculation. They find that the

FIGURE 6 Absorption curves of the pCT� chromophore in different

environments. (A) pCT� in vacuum (lmax ¼ 460 nm), (B) pCT� in the

protein (lmax¼ 446 nm), and (C) pCT� in alkaline aqueous solution (lmax¼
395 nm).
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absorption of the chromophore in the protein environment is

slightly red-shifted to 2.97 eV (lmax ¼ 417.6 nm) compared

to the vacuum calculation. The calculation including the

protein environment hence also yields a higher excitation

energy (2.97 eV) than the experimental value (2.78 eV). The

calculation agrees well with our measurement in the sense

that the shift between vacuum and the protein environment is

small. The calculated shift, however, has a wrong sign.

The anionic trans-thiomethyl-p-coumarate in vacuum was

also studied by Groenhof et al. (29) using molecular

dynamics simulations and time-dependent density functional

theory. Similar to the above calculation, their absorption

maximum at 400 nm (3.10 eV) is higher in energy than the

result of our measurement. On the other hand, when they

include the protein environment in the calculation by adding

the amino acid residues Cys-69, Arg-52, Thr-50, Glu-46,

Tyr-42, and Phe-62, they end up at 442 nm (2.81 eV), close

to the measured protein absorption maximum at 446 nm

(2.78 eV). However, the significant red shift imposed by the

protein environment in these calculations is in contradiction

to our results. Because of the rather large discrepancies

between the three calculations mentioned here it is clear that

gas-phase absorption measurements are important for testing

the accuracy of different types of calculations.

CONCLUSION

We have measured the absorption spectrum in vacuum of

two PYP model chromophores. The maximum absorption

of the deprotonated trans-p-coumaric acid is at 430 nm,

whereas for the deprotonated trans-thiophenyl-p-coumarate

it is at 460 nm. In aqueous solution the maximum absorption

is at 336 nm and 395 nm, respectively.

The absorption spectrum of the deprotonated trans-
thiophenyl-p-coumarate in vacuum is compared to that of

the photoactive yellow protein. It is found that the protein

absorption maximum is only blue-shifted 0.08 eV relative to

that of the isolated chromophore. On the other hand, in aqueous

solution solvation induces a large blue shift of the absorption

maximum corresponding to 0.46 eV. This difference indicates

that the absorption of the photoactive yellow protein is largely

determined by the chromophore itself, but fine-tuning may be

achieved by the protein environment through hydrogen bonds,

charge distributions, and geometrical constraints. The protein

environment is important, though, in the sense that it protects

the chromophore from the surrounding solvent; in its absence

the absorption would be significantly blue-shifted.
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